In many mammalian species, surface markers have been used to obtain enriched populations of spermatogonial stem cells (SSCs) for assisted reproduction and other applications; however, little is known about the expression patterns of feline SSCs. In this study, we assessed expression of the SSC surface markers commonly used in other species, KIT, ITGA6, CD9, GFRalpha1, ADGRA3, and THY1, in addition to the less frequently used pluripotent markers TRA-1-60, TRA-1-81, SSEA-1, and SSEA-4 in SSCs of both prepubertal and adult domestic cats (Felis catus). To further characterize cat SSCs, we sorted cells using SSC-specific markers and evaluated the expression of the pluripotent transcription factors NANOG, POU5F1, and SOX2 and the proto-oncogene MYC within these populations. We concluded that SSC surface markers used in other mammalian species were not specific for identifying cat SSCs. However, the pluripotent markers we evaluated were more specific to cat spermatogonia, and the presence of SSEA-1 and SSEA-4 in fewer and primarily individual cells suggests that these two markers may be used for enrichment of cat SSCs. The expression of pluripotent transcription factors at mRNA level by single-stained cells positive for SSEA-4 and by dual-stained cells positive for both GFRalpha1 and SSEA-4 reflects the undifferentiated stage of cat SSCs. The absence of transcription factors in double-stained cells positive for only one marker implies the loss of the stem cell-like identity with the loss of either GFRalpha1 or SSEA-4. Further investigation is warranted to elucidate the biological characteristics of these spermatogonial subpopulations.
INTRODUCTION
Spermatogonial stem cells (SSCs), progenitor cells capable of both self-renewal and differentiation into spermatozoa, have been successfully isolated from the testes of several mammalian species. Following transplantation to a proper host for differentiation, SSCs have the potential to allow genetically important males to propagate, a promising strategy for preservation of endangered species. For example, recently in felids, ocelot mixed germ cells were transplanted successfully to domestic cat (Felis catus) testes [1] .
SSCs comprise only a small percentage of germ cells occupying the seminiferous tubules [2, 3] , and using surface markers for SSC enrichment may improve such applications as transplantation and culture and may provide a better understanding of germ cell biology. In numerous studies, the expression of specific cell surface markers has been described, particularly in mouse and human testicular cells, allowing identification and purification of SSCs. In fact, the surface marker KIT proto-oncogene receptor tyrosine kinase (C-Kit or CD117) has been used across species as an identifier for differentiating spermatogonia and subsequent germ cell stages [4] [5] [6] [7] . Membrane surface markers, such as integrin subunit alpha-6 (ITGA6 or CD49f), CD9 molecule, GDNF family receptor alpha 1 (GFRA1), adhesion G protein-coupled receptor A3 (ADGRA3), and Thy-1 cell surface antigen (THY1 or CD90) also have been used for identifying and isolating spermatogonial cells in mouse [7] [8] [9] [10] [11] , monkey [12] , and human [4, 5, 13] . Additionally, some of these membrane surface markers can be expressed in differentiating or somatic cells, depending on the species [4, 9, [13] [14] [15] [16] [17] . To date, GFRA1 is the only surface marker shown to be expressed by cat SSCs and used for germ cell purification [1, 18] . Nonetheless, GFRA1 may not be an adequate marker to identify and purify cat SSCs. In preliminary studies, we found that GFRA1 is also expressed by differentiated cat germ cells [19, 20] . Clearly, the expression of SSC-specific markers in felids has not been fully characterized.
Although SSCs are stem cell-like, pluripotent markers have been used infrequently for SSC identification or purification. Stage-specific embryonic antigen 1 (SSEA-1) and SSEA-4 and tumor-rejection antigen-1-60 (TRA-1-60) and TRA-1-81 are glycan stem cell surface antigens expressed in different combinations depending on the lineage of pluripotent cell, the state of differentiation, and the species [21] [22] [23] . In cat embryonic stem cells, undifferentiated colonies expressed SSEA-1, whereas SSEA-4 was detected in populations starting to differentiate [24] . These markers have not been evaluated in cat SSCs, but one or more have been identified in the SSCs of mice [25] , humans [15, 16, 26] , and different species of monkeys [21, 27] .
The purpose of the present study was to identify surface markers specific to SSCs in the domestic cat as a model for wild felid conservation. Specifically, we assessed whether prepubertal and adult domestic cat SSCs expressed surface markers commonly used in other species, in addition to pluripotent markers frequently used in embryonic stem cells; and if sorted, cat SSCs express pluripotent transcription factors NANOG, POU5F1, and SOX2.
MATERIALS AND METHODS

Chemicals
All chemicals were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO) unless otherwise stated.
Tissue Procurement and Handling
Testes from prepubertal and sexually mature domestic cats, as determined by weight [28] and general size ( Fig. 1) , were obtained from local veterinary clinics after routine castration. Tissue was transported in HEPES-buffered saline solution (Ultrasaline A; Bio-Whittaker, Walkersville, MD) and either processed immediately or stored 2 days at 48C. Prior to use, testes were rinsed in Hanks balanced salt solution (HBSS). Tunica vaginalis and epididymal tissue were removed carefully to minimize damage to the tunica albuginea and underlying seminiferous tubules. Trimmed testes were rinsed in fresh HBSS and weighed before fixation or tissue isolation.
SSC Isolation
After preparation as described above, tunica albugineae were gently dissected away from the seminiferous tubules of prepubertal and adult testes, and tubule tissue was incubated for 30-45 min in HBSS containing 10 lg/ml amphotericin-B, 10 lg/ml streptomycin, and 50 lg/ml gentamicin, and then rinsed and minced in fresh HBSS. Mixed testicular cell suspensions were obtained using a two-step enzymatic digestion following the protocol described by Kim et al. [29] , with minor modifications, and was followed by filtration and density gradient separation as described below. Minced tubule tissue was incubated in 4 ml of HBSS containing 0.5 mg/ml collagenase type IA and 0.5 mg/ml collagenase type IV (Life Technologies, Grand Island, NY) per testis at 348C in a shaking water bath set at 150 oscillations/min for 20 min or until dissociation into individual tubules was achieved. Dispersed seminiferous tubules were allowed to settle for 5 min in HBSS on a cold block, and supernatant was siphoned by pipette. Tubules were rinsed 33 with fresh HBSS, allowing the tubules to settle and removing the supernatant between each rinse. The final supernatant was removed, and the tubules were digested further with 2 ml of trypsin (0.25%; Cellgro, Manassas, VA) and 1 ml of DNase I (3 mg/ml) per testis at 348C in a shaking water bath set at 150 oscillations/min for 20 min or until a single cell suspension was obtained. An equal volume of Dulbecco modified Eagle medium (DMEM)/F12 medium (Gibco, Frederick, MD) supplemented with 15% Knockout Serum Replacement (Invitrogen, Carlsbad, CA), 5% fetal bovine serum (Hyclone; Thermo Fisher Scientific, Waltham, MA), 1 mM L-glutamine, 0.1 mM b-mercaptoethanol, and 1.25% nonessential amino acids (SSC medium) was added, and the cell suspension was filtered through 100-lm and 40-lm nylon mesh (Corning, Corning, NY). Cell suspensions were centrifuged at 725 3 g for 25 min over a five-layer density gradient (35.0%, 30.0%, 27.5%, 25.0%, and 20.0%; 1.5 ml/layer) ( Fig. 2A) of Percoll (GE Healthcare Life Sciences, Piscataway, NJ) in a 15-ml tube. Cell suspensions visualized at the interfaces between the 35.0%-30.0%, 30.0%-27.5%, and 27.5%-25.0% layers were pooled (Fig. 2B) , rinsed with Dulbecco phosphate-buffered saline (DPBS), and pelleted by centrifugation for 5 min at 220 3 g for three washes. A cell count was obtained by using a hemocytometer, and viability was determined using a dye exclusion test by staining with trypan blue. Pellets from adult testes were used for immunocytochemistry (ICC), flow cytometry (FC), or fluorescence-activated cell sorting (FACS). Data are mean þ SD cell number.
Immunocytochemistry
The list of antibodies used for ICC is described in Table 1 . Pellets of mixed germ cells purified by density gradients of Percoll were fixed with 4% formaldehyde in DPBS for 20 min at room temperature. After cells were fixed, they were washed 33 with DPBS and blocked with 5% serum plus 1% bovine serum albumin (BSA) in DPBS overnight at 48C. Cells were then divided into aliquots of 1.5-ml conical tubes and incubated with the primary antibodies ITGA6, CD9, GFRA1, ADGRA3, THY1, KIT, SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81 for 1.5 h, followed by 1-h exposure to the secondary antibodies Alexa Fluor 555 goat anti-rabbit immunoglobulin G (IgG) for KIT, GFRA1, and ADGRA3; sheep anti-mouse IgG-fluorescein isothiocyanate (FITC) conjugate for CD9, THY1, and SSEA-4; and goat anti-mouse IgM CY3 conjugate for SSEA-1, TRA-1-160, and TRA-1-81. Cells were counterstained with DAPI (12.5 ng/ml; Invitrogen) and observed using fluorescence microscopy. Controls for nonspecific autofluorescence were created by replacing the primary antibody with IgG serum specific to the host of the secondary antibody and incubating the cells with the secondary conjugated antibody only. Fluorescence was detected using a BX60 model microscope (Olympus, Tokyo, Japan), and images were captured using an Olympus DP72 digital camera.
Flow Cytometry and Fluorescence-Activated Cell Sorting
Mixed germ cell suspensions from either a single testis or pooled from multiple testes of adult cats were filtered through 40-lm nylon mesh, rinsed with DPBS, and blocked in 5% serum plus 1% BSA in DPBS for 45 min. Cells were then incubated with each of the primary antibodies positively detected by ICC: KIT, GFRA1, ADGRA3, SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81 for 1.5 h, followed by exposure to the secondary antibodies Alexa Fluor 647goat anti-rabbit for KIT, GFRA1, and ADGRA3; sheep anti-mouse IgG-FITC conjugate for SSEA-4; and Alexa Fluor 488 goat anti-mouse for SSEA-1, TRA-1-60, and TRA-1-81 for 45 min (Table 1) on ice while on a rocker platform. Cells stained with single or dual antibodies (GFRA1 and SSEA-4) were resuspended in 1 ml of DMEM/F12 per 10 3 10 6 cells. Controls for nonspecific binding were created by replacing the primary antibody with either sheep or goat IgG and secondary antibody only and unstained cells as control for autofluorescence.
To quantify the antibody expression, 10 3 10 3 to 50 3 10 3 cells per antibody in 3 replicates were analyzed using 2 flow cytometers (FACSCalibur and FACSAria; Becton Dickinson Biosciences, San Jose, CA). Percentages of cells expressing each antibody were calculated using CellQuest (Becton Dickinson), FACSDiva (Becton Dickinson), and FlowJo (Tree Star, Ashland, OR) software. Cells (up to 10 3 10 7 cells), single stained for SSEA-1 or SSEA-4 or double-stained for both GFRA1 and SSEA-4, were sorted, and positive cells were collected into 5-ml round-bottom tubes containing 1 ml of DMEM/ F12, 20% knockout serum replacement, 1 mM L-glutamine, 0.1 mM bmercaptoethanol, 1.25% nonessential amino acids, 10 lM Y27632 ROCK inhibitor (Stemgent, Cambridge, MA), 10 lg/ml amphotericin-B, 10 lg/ml streptomycin, and 50 lg/ml gentamicin. Data are mean 6 SD cell numbers.
Testis Fixation and Immunohistochemistry
Testes from 2 prepubertal and 2 sexually mature males were fixed and embedded in paraffin, and serial sections 5-7 lm were produced for immunohistochemistry (IHC). Briefly, testes were incubated overnight at room temperature in 5 ml of modified Davidson fixative (mDf; Electron Microscopy Sciences, Hatfield, PA) per testis, bisected transversely, and incubated in fresh mDf for 24 h. Then, tissue was submersed in 5 ml of 50% ethanol at room 
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temperature for 1.5 h and stored in 5 ml of 70% ethanol for processing, embedding, and sectioning.
For IHC, adult and prepubertal testis sections were stained for KIT, GFRA1, ADGRA3, SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81 (Table 1) . After standard deparaffinization and rehydration of tissue sections, a heatinduced epitope retrieval step using sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0-6.2) was performed in a pressure cooker for 3 min after rocking was initiated. For antigen detection, the EXPOSE rabbitspecific horseradish (HRP)/3,3 0 -diaminobenzidine (DAB) detection IHC kit (product 80437; Abcam, Eugene, OR) was used according to the manufacturer's protocol, with minor modifications. Tissue sections were blocked with a protein solution provided in the kit for 10 min, washed, and incubated with primary antibodies at room temperature for 1.5 h. Tissue sections were then washed once with buffer solution and incubated for 10 min with a rabbit anti-mouse secondary antibody, followed by 15 min with a HRP-conjugated goat anti-rabbit secondary antibody. Enzymatic development was completed with DAB chromogenic substrate solution until brown staining became visible, with incubation times ranging from 20 sec to 5 min. Stained sections were counterstained with hematoxylin for 30 sec and dehydrated, and a coverslip was applied using Permount (Thermo Fisher CHARACTERIZATION OF CAT SPERMATOGONIA Scientific). For nonspecific controls, the primary antibody was replaced with goat IgG serum diluted with the protein block. Staining was visualized with an Olympus BX60 microscope, and images were captured with an Olympus DP72 digital camera.
Molecular Characterization by Quantitative Reverse Transcriptase-PCR
The expression of cat pluripotent transcription factors Nanog homeobox (NANOG), POU class 5 homeobox 1 (POU5F1), SRY-box 2 (SOX2), v-myc avian myelocytomatosis viral oncogene homolog (MYC), and the internal standard 18S rRNA genes were detected by quantitative reverse transcriptase-PCR (qRT-PCR) as previously described [24, 30] in sorted single-stained cells positive for SSEA-1 or SSEA-4 and in subpopulations of cells double-stained for SSEA-4 and GFRA1 (SSEA-4 þ only, GFRA1 þ only, and dual-positive cells). To obtain standards for analysis, 5-fold serial dilutions of feline mixed germ cell genomic DNA (10 ng/ll) in nuclease-free water with 10 ng/ml tRNA were used to produce standard curves. Total mRNA was isolated from sorted cells using the RNeasy mini kit (Qiagen, Valencia, CA) and reverse transcribed into cDNA using a reverse transcription kit (QuantiTect; Qiagen) according to the manufacturer's directions. Primer sequences used for amplification of the target genes, cycling conditions, and cycle threshold (C T ) cutoff values for MYC (GenBank accession no. HQ846918), NANOG (European Nucleotide Archive [ENA] accession no. EU366913), POU5F1 (European Nucleotide Archive [ENA] accession no. EU366914), and SOX2 (GenBank accession no. HQ385804) were used as previously reported [24] . The 18S rRNA human mRNA sequence (RefSeq accession no. NM-X03205) was used as housekeeping gene [30] . Primers were tested for efficiency and amplification specificity by standard curve analysis and sequencing of PCR products. qRT-PCR reactions were achieved by the addition of 1.75 ll of cDNA to 40 ll of master mixture containing 30 ll of 23 iQ SybrGreen Supermix (Bio-Rad Laboratories, Hercules, CA), and 300 nM each of forward and reverse primer with nuclease-free water. Reactions were performed in duplicates of 25 ll each, with negative RT controls (i.e., reverse transcriptase was omitted) to verify the absence of genomic contamination, and a nontemplate control for each sample and gene, respectively. Cycling conditions were 958C for 3 min, followed by 40 cycles of 958C for 10 sec and 54.28C for 45 sec and a final step of 728C for 5 min, using an iQ5 multicolor real-time PCR system (Bio-Rad). Melting curves were carried out after the run to confirm single-product amplification; all primers showed single-product amplification.
qRT-PCR Analysis
Mean þ SD numbers of technical replicates .1.0 or with an average C T value above the cutoff were omitted from analysis. The delta-delta C T method was used for qRT-PCR data analysis. The mean þ SD C T values were calculated for biological replicates, and data were normalized for different amounts of input cDNA by using DC T , where [C T value for the gene of interest (goi) À C T value for the 18S rRNA housekeeping gene (hk)] and the SD of the
. Next, DDC T was calculated by subtracting the DC T of each sample from the DC T of a reference cDNA sample (cat blastocysts). The SD of the DDC T is the same as the SD for the DC T and is incorporated into final calculations to determine the n-fold increase or decrease in expression level of each gene in sorted SSCs, or 2 
RESULTS
Isolation of SSCs
To determine whether centrifugation of a single cell suspension of testicular cells in a density gradient can purify spermatogonial cells from other cell types, we processed adult and prepubertal testis and centrifuged digested single cells from seminiferous tubules over a five-layer density gradient (35.0%, 30.0%, 27.5%, 25.0%, and 20.0%) of Percoll. The mean 6 SD number of cells/testis collected from adult cats (n ¼ 21) was 9.4 6 7.1 3 10 6 cells, with 96.3% 6 6.0% live cells, which was POWELL ET AL.
significantly higher than that of prepubertal cats (n ¼ 6; 3.9 6 2.6 3 10 5 total cells with 96.2% 6 2.6% live cells). Centrifugation of single cells over the five density gradients successfully purified populations of mixed germ cells from cell debris, red blood cells, and sperm. Mixed germ cells and somatic testicular cells were found in the bands formed at the 30.0%, 27.5%, and 25.0% layers, whereas cell debris was found mostly at and above the 20.0% band, and red blood cells and sperm were pelleted under the 35.0% layer. Spermatogonial cells, found within the mixed germ cell populations, were morphologically identified by their characteristically large nucleus with a homogenous appearance in the bands of mixed testicular cells (Fig. 2B) .
Phenotypic Characterization of Cat SSCs
To explore phenotypic characteristics of cat SSCs, we assessed fluorescence expression of the SSC markers commonly used in other mammalian species ITGA6, CD9, GFRA1, ADGRA3, and THY1, differentiation marker KIT, and pluripotent markers SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81, on a population of cat mixed germ cells purified by gradient densities of Percoll.
Analysis by ICC and FC revealed that a large portion of cells were positive for the differentiation marker KIT (59.2% 6 5.3%) and the SSC markers GFRA1 (44.7% 6 2.5%) and ADGRA3 (50.0% 6 3.4%) (Fig. 3) . However, fluorescence was not detected for ITGA6, CD9, and THY1. Moreover, analysis by FC detected a low number of cells positive for the pluripotent markers TRA-1-60 (18% 6 4.8%), TRA-1-81 (16.3% 6 4.5%), and SSEA-1 (15.4% 6 7.1%), and fewer cells were positive for SSEA-4 (5.9% 6 2.9%) (Fig. 4) .
Then, we examined the distribution of cells positive for these markers within adult and prepubertal seminiferous tubules. Analysis by IHC showed that cells from adult testis expressing GFRA1 and ADGRA3 were at various stages of spermatogenesis across the seminiferous tubules (Fig. 5) , whereas the pluripotent markers SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81 in prepubertal and adult tissue sections were localized at the basement membrane of the seminiferous tubules (Fig. 6) . Interestingly, SSEA-4 was expressed only in single cells, whereas SSEA-1, TRA-1-60, and TRA-1-81 were found in pairs and chains of spermatogonia. In addition, KIT 
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was not detected in tissue sections by IHC, regardless of previous detection by ICC and FC (Fig. 5) .
To further characterize SSEA-4 þ cells and investigate the use of SSEA-4 as a surface marker for isolation of cat SSCs, pools of mixed germ cells were double-stained and quantified using the SSEA-4 and GFRA1 antibodies. Analysis by FC identified three distinct cell subpopulations that were positively stained for GFRA1 þ only (29.3% 6 17%); SSEA-4 þ only (%0.7 6 0.5%); and a subpopulation of cells colocalizing GFRA1 and SSEA-4 (3.7% 6 2.8%) (Fig. 7) .
Molecular Characterization of Cat SCCs
To explore the undifferentiated stage of cat SSCs, we evaluated expression levels of the pluripotent transcription factors NANOG, POU5F1, and SOX2 and the proto-oncogene MYC by qRT-PCR in unsorted and sorted cells single-stained for SSEA-1 þ or SSEA-4 þ and subpopulations of sorted cells double-stained for SSEA-4 and GFRA1 (SSEA-4 þ and GFRA1 À ; SSEA-4 À and GFRA1 þ ; andSSEA-4 þ and GFRA1 þ ). In addition to analyzing RNA from cat spermatogonial subpopulations, we included RNA from blastocysts, derived in vitro, at Day 8 after in vitro fertilization (pool of 3-5 embryos) and cat embryonic fibroblasts (;2 3 10 6 cells). Relative transcript abundance for each of the genes analyzed is shown in Figure 8 . Analysis by qRT-PCR revealed expression of the transcription factors NANOG, POU5F1, and SOX2 in sorted single-stained SSEA-4 þ cells, double-stained cells positive for both SSEA-4 and GFRA1, and unsorted cells. Single-stained SSEA-1 þ cells expressed only NANOG, and double-stained cells positive only for SSEA-4 or GFRA1 did not express any of the transcription factors. Expression levels of NANOG in cat SSCs were similar to those in blastocysts, whereas POU5F1 transcript levels were lower. In contrast, SOX2 was upregulated (13-fold for unsorted cells, 7.8-fold for sorted single-stained SSEA-4 þ cells, and 4.9-fold for doublestained sorted cells positive for both SSEA-4 and GFRA1) compared to that of blastocysts (2.3-fold). Expression of MYC was detected in all cell types, with all populations, except that SSEA-1 þ cells showed higher levels (4.45-to 36.36-fold) of MYC than the levels in blastocysts (2.23-fold; data not shown).
DISCUSSION
The ability to enrich a cell population of SSCs from mixed germ cells offers the possibility of enhancing colonization and spermatogenesis after transplantation, as well as a better understanding of the mechanisms of spermatogenesis during in vitro culture. Toward these goals, we identified the surface markers SSEA-1 (15.4% 6 7.1%), SSEA-4 (5.9% 6 2.9%), TRA-1-60 (18% 6 4.8%), and TRA-1-81 (16.3% 6 4.5%), which are expressed in pluripotent embryonic stem cells, as positive markers for isolating spermatogonial subpopulations from other testicular cells in the domestic cat. In contrast to other SSC surface markers, GFRA1 (44.7% 6 2.5%) and ADGRA3 (50.0% 6 3.4%) also were expressed in differentiated cat spermatogonial cells. Moreover, the lower number of cells positive for the pluripotent markers and their restriction to cells located near the basement membrane of the seminiferous tubule indicates that pluripotent surface markers are specific to undifferentiated spermatogonia in the cat.
For enriching SSC suspensions, the differentiation surface marker KIT has been a valuable marker for removing differentiated germ cells. However, other surface markers also have been used to isolate SSCs in several species, including mice and humans. In domestic cats, undifferentiated type A spermatogonia express the GFRA1 marker [1] , and some cells expressing GFRA1 are localized at the basement membrane of the seminiferous tubules and express genes specific for SSC, GFRA1 and ZBTB1 [18] . These studies suggest that the marker GFRA1 may be a useful tool for purifying SSCs. It is known that SSC markers are expressed primarily in spermatogonial cells; however, in some mammalian species, they can also be expressed in somatic or differentiating germ cells in the testis. For example, in rodents, CD9 is specifically expressed in pairs or chains of undifferentiated spermatogonia [11] but also coexpressed with KIT in differentiating spermatogonia [9] . In humans, GFRA1 is detected not only in spermatogonial cells but also in Sertoli and Leydig cells [4, 13] . Similarly, in the present study, GFRA1 and ADGRA3 appeared to be nonspecific to cat SSCs as indicated by the high number of positive cells detected by FC and localization in the testis. Immunolocalization confirmed that GFRA1 and ADGRA3 were also expressed in differentiated germ cells distributed throughout the seminiferous tubules. Our results clearly indicated the heterogeneity among the pool of single spermatogonial cells and how the use of GFRA1 and ADGRA3 markers may lead to erroneous identification of cat SSCs [17] ; however, it is possible that the antibodies, which were not designed for use in the cat, may have produced false positives.
It is not clear why cat mixed germ cells were negative to the surface antigen markers CD9, ITGA6, and THY1, but it is possible that differences among species are influencing the results. In fact, variable expression of surface markers between CHARACTERIZATION OF CAT SPERMATOGONIA rodent and human SSCs has been reported. However, the negative reactivity of mixed germ cells to CD9, ITGA6, and THY1 may be due partially to the type of antigen epitope recognized by the antibody, which may be different among the human and mouse and cat.
Variable expression detected by antibodies can be observed with different staining techniques, particularly with IHC. In a previous study in which the pattern of KIT expression on cat tissues was evaluated by IHC [31] , cat testis tissue did not react to KIT, regardless of different reaction intensities in other cell types and neoplastic tissues. Likewise, in the present study, we did not detect KIT-positive cells in cat testis tissue staining by IHC, even though flow cytometry, using the same antibody, revealed that at least 50% of mixed germ cells were positive for KIT. The reason(s) for the discrepancies between IHC and FC findings is not clear; however, the lack of KIT staining in cat testis may be due partially to the reagents used in IHC that may have interfered with antigen detection.
During the last few years, characterization of SSCs with pluripotent surface markers in different mammalian species has progressed. Rodent SSCs express SSEA-1 [25] , whereas SSCs from human and non-human primates, including rhesus macaque (Macaca mulatta) and the common marmoset (Callithrix jacchus), expressed SSEA-4 [15, 16, 21, 26, 27] but not SSEA-1 [21] . In addition to SSEA-4, TRA-1-60 and TRA-1-81 were detected in spermatogonia of non-human primates [21] . In contrast, in the present study, we observed that cat spermatogonial cells expressed all four antigens (SSEA-4, SSEA-1, TRA-1-60, and TRA-1-81). Although these antigens were present in both prepubertal and adult cat testis tissue, indicating a likely coexpression in the earlier type A spermatogonia, which are the only germ cells present in prepubertal testis, the expression patterns in adult tissue revealed a change in phenotype with differentiation. In fact, in adult cat testis, SSEA-4 was detected only in a low number (5.9% 6 2.9%) of single cells, whereas SSEA-1 (15.4% 6 7.1%), TRA-1-60 (18% 6 4.8%), and TRA-1-81 (16.3% 6 4.5%) were further expressed in pairs and chains of spermatogonia, approximately half of which will differentiate into sperm [5, 16, 32] . Therefore, on the basis of these results, we suggest that expression of SSEA-4 is likely restricted to , and GFRA1 þ (29.3% 6 17%) cells were revealed in addition to a population of cells that expressed both SSEA-4 and GFRA1 (3.7% 6 2.8%). Gates were determined using negative control samples in which the primary antibodies were replaced with IgG sera prior to staining with secondary antibodies.
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SSCs and single type A spermatogonia and that expression is lost as cells differentiate.
Although the biological significance of SSCs positive for SSEA-4 is not clear, in humans, SSEA-4 is an optimal marker for isolating active SSC subpopulations [15, 16] . In fact, cell populations enriched for SSEA-4 have higher proliferation activity, colonization ability, and expression levels of SSCspecific genes, including the pluripotent stem cell marker POU5F1, than populations that are sorted with other surface markers [15, 16] . In addition, SSEA-4 þ cells not only maintained their undifferentiated state and gene expression pattern during long-term culture but were able to be maintained in culture for more passages than the populations obtained with other SSC markers [15] . Interestingly, a portion of SSEA-4 þ cells coexpresses with cells positive for ITGA6, ADGRA3, or GFRA1 [15, 16] . Similarly, in the rhesus monkey, a subpopulation of ITGA6 þ , THY1 þ , and KIT À (triple-stained) cells were also SSEA-4 þ (24%) [27] . These findings indicate that various subpopulations of SSCs may exist, each expressing different combinations of SSC and pluripotent markers, and some may be functional, actively dividing subpopulations, while others may be quiescent [27] .
Likewise, we observed that the percentage of SSEA-4 þ cells (;6%) fell within the same range of SSEA-4 þ cells reported in the monkey (;2%) [27] and the human (;13%) [16] . After sorting cells by FACS with dual-staining for SSEA-4 and GFRA1, we identified a subpopulation of cat SSEA-4 þ cells coexpressed with GFRA1 þ (3.7 6 2.8%), and this specific subpopulation of sorted cells expressed the pluripotent transcription factors NANOG, POU5F1, and SOX2. Analysis of SSEA-4 þ cell population sorted only for SSEA-4 (without isolation of GFRA1 þ ) showed that all three pluripotent transcription factors were also present and in higher levels than the subpopulation of cells positive for both SSEA-4 and GFRA1. The biological significance of the coexpression of SSEA-4 and GFRA1 is not clear. However, although our results showed that the GFRA1 marker was not specific to spermatogonia in the cat, GFRA1 has an important role in regulating the proliferation and self-renewal of SSCs [4, 5, 8, 10, 15, 33, 34] . Moreover, expression of pluripotent transcription factors was not found in subpopulations of SSEA-4
þ , SSEA-4 þ , or GFRA1 À cells sorted by dual-staining, indicating that loss of the dual-positive phenotype may lead to loss of their ability to self-renew, and they go into cell differentiation. Therefore, we interpret our results to indicate that subpopulations of cat SSEA-4 þ cells localized at the basement membrane of the seminiferous tubules and expressing pluripotent transcription markers are likely SSCs and that SSEA-4 is an ideal surface marker for selecting cat SSCs.
In summary, our results show that markers commonly used for SSC identification in other species may be less reliable for isolating cat SSCs, whereas pluripotent markers, particularly SSEA-4, may provide more enriched SSC populations. SSCs are low in number in the testis, and the smallest subpopulation of spermatogonial cells that we identified was SSEA-4 þ and that which we found to express NANOG, POU5F1, and SOX2. Although the other pluripotent surface markers investigated here may be expressed by SSCs, the large percentage of positive cells and formation of chains indicates they are likely not SSC-specific but may be characteristic of other stages of spermatogonia. Double-staining with SSEA-4 and GFRA1 and qRT-PCR analysis confirmed that, as with rhesus monkey and human, SSCs in the cat may be only a subpopulation of the SSEA-4 þ cells. Future studies to examine and compare the colonization potential of these subpopulations to determine their biological roles are warranted. 
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